To demonstrate the volumetric changes in the silicon and the lithium electrodes, we show a vertical cut of the full scans in the initial delithiated state (Figure S1 a) A video (Supplemental Video 1) showing the processes in the battery from the above perspective during all time steps is available. Figure S2 shows a slice through the tomographic data of the silicon electrode at a TP position very close to the current collector at the very end of the experiment. A domain containing pristine or at least not fully lithiated silicon particles is visible, suggesting that the remaining 5 % of the theoretical capacity arises mostly from these domains in the very bottom part of the electrode. No such domains are found within the central and top parts of the electrode.
Overall cell volume change
To demonstrate the volumetric changes in the silicon and the lithium electrodes, we show a vertical cut of the full scans in the initial delithiated state (Figure S1 A video (Supplemental Video 1) showing the processes in the battery from the above perspective during all time steps is available. Figure S2 shows a slice through the tomographic data of the silicon electrode at a TP position very close to the current collector at the very end of the experiment. A domain containing pristine or at least not fully lithiated silicon particles is visible, suggesting that the remaining 5 % of the theoretical capacity arises mostly from these domains in the very bottom part of the electrode. No such domains are found within the central and top parts of the electrode.
Remaining delithiated domains in the electrode at the end of the experiment

Figure S2 | Remaining delithiated domains in the electrode at the end of the experiment.
Slice through the tomographic data of silicon electrode at a TP position very close to the bottom current collector at the very end of the experiment.
Image processing steps to isolate and analyse the lithium electrode
To segment and separate the lithium electrode, a sequence of image processing steps was applied to the tomographic data using the software MATLAB. These processing steps were applied to the full 3D datasets, but here, for ease of depiction, we show the effects of the processing steps on a single slice ( Figure S3 ). As lithium is very weakly attenuating X-rays, we exploited edge enhancement effects at the lithium-separator interfaces to segment the electrode. All 48 tomographic scans at different time steps were processed in the same way with the exact same set of parameters.
1. Detection of the lithium -current collector interface identified by the large change in attenuation (highly attenuating steel versus weakly attenuating lithium). This interface defines the top of the segmented lithium volume. 2. Noise reduction with a wiener filter using a 3x3 neighbourhood (wiener2) 3. Data binarization using the triangle threshold method (custom function based on Zack, G. W., Rogers, W. E. & Latt, S. A. Automatic measurement of sister chromatid exchange frequency. J. Histochem. Cytochem. 25, 741-753 (1977) ) 4. Removing connected background domains with less than 4 voxels (bwareaopen) 5. Dilation of the background contours with a ball structuring element of radius 2 voxels (imdilate) 6. Removing connected background domains with less than 400 voxels (bwareaopen) 7. Dilation of the background contours with a ball structuring element of radius 2 voxels (imdilate) 8. Removing connected background domains with less than 8000 voxels (bwareaopen) 9. Dilation of the background contours with a ball structuring element of radius 4 voxels (imdilate) Determination of the lithiation front dynamics based on inversion of the attenuation contrast 600x600x260 voxel 3 sub-volumes were cropped out from the same location in each dataset. The location was chosen such that it (i) contained the complete silicon electrode in TP at all times and (ii) contained as much of the electrode in the IP directions as possible without including parts belonging to the cell housing.
For each slice the standard deviation in space of the grey value in the 1-norm was computed as a function of time, as depicted in Figure S4 a.
The minima correspond to the times when the lithiation front reaches the respective slices. Within the central regime of the electrode that is neither too close to the interface with the separator nor to close to the interface with the current collector, the resulting relation reflects an average velocity of 26 We quantified the state of charge, , in the silicon powder electrode as a function of time, and the depth, , along the TP direction, where the position of the current collector is set to = 0. We used the following simple model: for each slice (corresponding to the two IP directions) within the silicon powder electrode, the 2D spatial average X-ray attenuation coefficient ̅ ( , ) will be given by:
where ( ) describes the volumetric fraction of the active material in the electrode, ( , ) describes the local attenuation coefficient of the electrochemically active material and describes the effective attenuation coefficient of the inactive background material, which is meant to lump together attenuation properties of the electrolyte, binder, and carbon black.
Based on the observation that the active material expands approximately linearly as a function of its lithium loading (Figure S5 a) , we assume that ( ) is also linear in :
Here, 1 and 0 describe the active material volumetric phase fractions at the experimentally determined states of charge at the beginning (0%) and the end (95%) of the experiment. They can be estimated from the active mass, the densities of the silicon phase and the Li 15 Si 4 phase and the electrode volume in the initial and the final time steps as explained in the main text.
( ) can be approximated by a second order polynomial fit to the theoretical data shown in Figure S5 a
Equation 2 To compensate for X-ray intensity variations over time and for slightly non-uniform particle distribution along the electrode z-direction, we normalize the average grey value of each slice in each time step by the corresponding grey value of the current collector and the grey value profile at time step 0:
. . ( ) ( , = 0)
Equation 4
We then slightly smooth the data and linearly remap it in such a way that the grey value at the initial time step corresponds to ̅ ( = 0) and the grey value at the final time step corresponds to ̅ ( = 0.95). Finally, we use our equation x( ̅ ( , ); 0 , 1 , , , , ) ( Figure S5 b) to approximate the state of charge in the electrode as a function of depth and time .
It should be mentioned that this model for the dynamic lithiation process in the silicon electrode exhibits several limitations, such as the assumptions made in the model and the fact that local tomography (the cell housing does not completely fit into the field of view) is intrinsically not quantitative. Also, as the intermediate Li x Si y phases (Figure S5 a) Figure S5 a might occur. The model should therefore only be considered semi-quantitative, but nevertheless delivers valuable insights. 
Processing of XRD patterns
After refinement of the sample detector distance based on an initial diffraction measurement in the silicon electrode (software FIT2D from ESRF), the approximately 3000 2D X-ray diffraction powder patterns all underwent the same chain of processing steps using the software MATLAB. All parameters were identical for all scanning positions and time steps:
1.) Correction of spatial detector non-linearity on each pattern using calibration files from ESRF ID11 beamline. 2.) Determination of the exact centre of rotation of the patterns for each spatial SXRD sequence 3.) Angular integration of all patterns to obtain 1D powder diffraction patterns 4.) Subtraction of the background using spline interpolation 5.) From each pattern in a SXRD series we subtracted one pattern taken at the position of the electrolyte. This step compensates the contribution of the partially crystalline PEEK cell housing to the XRD patterns. Remaining artifacts of this step can be recognized in the patterns at low diffraction angles (see main text Figure 3a ). 6.) Correction for non-constant incoming X-ray flux (slow linear decay between synchrotron ring electron refills)
The resulting data was spatially correlated to the tomographic data using the signals of the steel current collectors at the top and at the bottom.
Simulation of lithiation dynamics
The concentration of lithium ions ( , ) traveling in the electrolyte through the silicon electrode along the TP coordinate z is defined by the 1D diffusion equation
where = is the effective diffusion constant with the porosity , the tortuosity and the diffusion constant in pure electrolyte . We describe the exchange of lithium ions from the electrolyte to the active silicon material by the additional empirical transfer term ⋅ ( , ). The effective concentration of lithium ions in the silicon active material ( , ) is hence defined by
The exchange constant is locally set to zero when silicon particles are fully lithiated.
Due to the expansion of the electrode, the electrode -separator interface defines the position of a moving boundary = ( ), where lithium ions enter the electrode domain at a rate defined by the measured electric current ( ):
Here is the Faraday constant, is the geometric surface area of the electrode, and = ( ) ( ) is the lithium ion flux at the moving boundary. In analogy there is a zero flux boundary condition at the electrode -current collector interface defined by = 0:
In the beginning of the experiment, lithium ions exist in the electrolyte at a concentration and the silicon electrode is fully delithiated
The resulting system of equations is discretized on a grid with a spatial resolution and a time resolution and solved in MATLAB.
The resulting concentration ( , ) defines the local state of charge distribution:
is the effective lithium concentration at which silicon is fully lithiated and ( ) is the time-dependent electrode thickness. and represent the active mass in the electrode and the specific gravimetric charge capacity of silicon, respectively. Table S1 | Simulation input parameters List of parameters and their values used as input to the simulation presented in the main text. Table S1 summarizes the different input parameters and their values used for the simulation presented in the main text. Since the tortuosity and the rate constant are unknown, we have varied these input parameters to qualitatively fit the resulting state of charge distribution shown in Figure 5a to the experimental results shown in Figures 3b-c and Figure 4f (see main text).
We also analyse the sensitivity of the simulation results with respect to the input parameters and and the specific charge capacity of the active material.
Decreasing the rate constant ( Figure S6a ) or the tortuosity (Figure S6 c) has the effect of decreasing the ratio / . In this case, the electrode lithiates more homogeneously and the spatial state of charge gradients in the electrode at a given time are less pronounced. However, in the scenario depicted in Figure S6a , the given experimental influx of lithium ions causes concentrations in the electrolyte to exceed the initial concentration, which is unrealistic during a potentiostatic lithiation process. In the scenario corresponding to Figure S6c , the resulting state of charge gradients are less pronounced than what is experimentally observed.
Increasing the rate constant (Figure S6b ) or the tortuosity (Figure S6d ) increases the ratio / , which results in more pronounced state of charge gradients. However, while in Figure S6 b the gradients are more expressed than what is experimentally observed, the scenario depicted in Figure S6 d is again unrealistic because of concentrations in the electrolyte exceeding the initial concentration.
This sensitivity analysis shows that all simulations where ( , ) parameters deviate from the combination ( = 2.5, = 30 h −1 ) used for the simulation in the main text either result in non-physical scenarios or fail to match the experimental data. This implies that (i) the model is sensitive towards variations in or and (ii) that ( = 2.5, = 30 h −1 ) is the best fit for the experimental data.
In Figure S6c , we show the simulated state of charge distribution, if graphite ( = 372 mAh/g) not silicon ( = 3578 mAh/g) were the active material. In this case, the electrode would have been lithiated within approximately 25 min instead of the 800 min that are required for the silicon electrode. This illustrates that inhomogeneous state of charge distributions are much more likely to occur in electrodes with a high specific charge capacity.
Finally, we list some of the assumptions implicitly contained in the model:
(i) Charge balance is fulfilled (i.e. lithium ions are counterbalanced by an appropriate amount of electrons in the active material and negatively charged ions in the electrolyte)
(ii) Electrode properties are homogeneous (i.e. an effective medium approach) (iii) Rate at which lithium ions transfer from the electrolyte to the active material is proportional to the ion concentration in the electrolyte (see transfer term − ⋅ ( , )) (iv) Secondary effects such as stress-potential coupling in silicon are negligible Despite these assumptions, the model reproduces the most significant features of the experimental data and allows us to understand the lithiation process on a qualitative level. Table S1 , except those specified at the left of the corresponding graphs. In the state of charge maps, the purple line represents the lithiation front discussed in the main text. Figure S7 depicts the details and dimensions of the operando cell. The cell housing is made from polyether ether ketone (PEEK).
Dimensions of the operando cell
Figure S7 | Dimensions and details of the operando cell
Components of the cell are labelled in black, dimensions are labelled in red.
Silicon particle fracture Figure S8 shows the formation of cracks within a silicon particle upon lithiation.
Figure S8 | Silicon particle fracture
Corresponding slices through the tomographic data, showing a big silicon particle (a) at the onset of lithiation, (b) after 360 min, and (c) at the end of the experiment.
